Background: Glioblastoma, the most aggressive primary brain tumor, is genetically heterogeneous. Alternative splicing (AS) plays a key role in numerous pathologies, including cancer. The objectives of our study were to determine whether aberrant AS could play a role in the malignant phenotype of glioma and to understand the mechanism underlying its aberrant regulation. Methods: We obtained surgical samples from patients with glioblastoma who underwent 5-aminolevulinic fluorescence-guided surgery. Biopsies were taken from the tumor center as well as from adjacent normal-appearing tissue. We used a global splicing array to identify candidate genes aberrantly spliced in these glioblastoma samples. Mechanistic and functional studies were performed to elucidate the role of our top candidate splice variant, BAF45d, in glioblastoma. Results: BAF45d is part of the switch/sucrose nonfermentable complex and plays a key role in the development of the CNS. The BAF45d/6A isoform is present in 85% of over 200 glioma samples that have been analyzed and contributes to the malignant glioma phenotype through the maintenance of an undifferentiated cellular state.
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We demonstrate that BAF45d splicing is mediated by polypyrimidine tract-binding protein 1 (PTBP1) and that BAF45d regulates PTBP1, uncovering a reciprocal interplay between RNA splicing regulation and transcription. Conclusions: Our data indicate that AS is a mechanism that contributes to the malignant phenotype of glioblastoma. Understanding the consequences of this biological process will uncover new therapeutic targets for this devastating disease.
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Importance of the study Glioblastoma, the most aggressive primary brain tumor, has an overall survival of less than 14 months. Glioblastoma is a genetically and histologically heterogeneous tumor, with few mutations occurring in more than 50% of the cases. The study of AS in this tumor is therefore highly relevant. Our results suggest that aberrant AS in BAF45d contributes to the pathogenesis of glioblastoma through the maintenance of an undifferentiated cellular state. We show that the aberrant splicing of BAF45d is mediated by PTBP1, an RNA-binding protein known to regulate splicing. Our results also identify a novel BAF45d/ PTBP1 feedback mechanism in glioblastoma splicing. Of importance, our data implicate AS of BAF45d as a central mechanism in glioblastoma development, thereby introducing new avenues of study into pathways and potential therapeutic targets for this devastating tumor.
Glioblastoma, which is the most aggressive of all primary brain tumors, is genetically and histologically heterogeneous: even the most frequent mutations are found in <50% of cases. 1 The study of alternative splicing (AS) therefore holds great promise for understanding this disease, as it plays a key role in the pathogenesis of many cancers. 2 A previous global analysis of AS in high-grade gliomas, however, did not identify any genes with a consistent pattern of AS. 3, 4 In recent years, AS of 2 genes, pyruvate kinase muscle (PKM) and annexin 7 (ANXA7), 5, 6 has been shown to be important in the initiation and maintenance of glioblastomas. AS differences were not identified via global analysis, however, reducing the ability to assess the true relevance of AS in glioma pathogenesis. The introduction of 5-aminolevulinic acid (5-ALA) fluorescence-guided surgery (FGS) 7 has greatly increased the extent of resection in glioblastoma, however, and the residual fluorescent tissue has prognostic value in patients with gross total resection. 8 In addition, FGS facilitates the analysis of paired samples of tumor and adjacent normal tissue.
In this study, we conducted a global analysis of AS in paired samples obtained via FGS from the same patient. Our data reveal the aberrant AS of 45-KDa Brahma (BRM) and Brahma/SWI2-related gene 1 (BRG)-associated factor (BAF45d) in glioblastoma. BAF45d is a member of the switch/sucrose nonfermentable (SWI/SNF) complex, 9 which is known to play a role in the development of the CNS. 10 BAF45d withdraws from this complex as a necessary step in allowing neural progenitors to exit mitosis and initiate differentiation. 11 Functionally, we demonstrate that BAF45d participates in the maintenance of an undifferentiated phenotype and in in vivo tumorigenesis. We show that the aberrant splicing of BAF45d is mediated by polypyrimidine tract-binding protein 1 (PTBP1), an RNA-binding protein known to regulate splicing. 12, 13 PTBP1 also contributes to neurogenesis 14 and the malignant progression of glioblastomas. 5, 6 Most importantly, our results uncover that BAF45d also positively regulates the expression of PTBP1 and its participation in the regulation of AS.
Materials and Methods
Detailed materials and methods data can be found in the Supplementary materials.
Clinical Samples, RNA Extraction, and RNA Array Analysis Samples were obtained from 20 glioblastoma patients at Clínica Universidad de Navarra and 30 glioblastoma patients from La Fe Hospital (Fig. 1A and Supplementary  Tables S1 and S2 ) who underwent 5-ALA FGS. The study protocol was approved by our institutions' ethical committees, and all patients gave written informed consent.
Total RNA was extracted from samples by Trizol. Three paired samples of tumor and normal-appearing cells from each patient and one sample of pooled RNA from healthy donors, as a control, were subjected to a global splicing array (Human Junction Array; Affymetrix). The results were analyzed using the ExonPointer algorithm. 15 The microarray data from this study have been submitted to the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/ geo) under accession number GSE76070. 
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Glioma Cell Lines
The U87MG cell line was obtained from American Type Culture Collection and cultured in Dulbecco's modified Eagle's medium (DMEM)/F12 (1:1) + GlutaMAX™ (ThermoFisher Scientific)-I supplemented with 10% fetal bovine serum and 1% penicillin streptomycin at 37°C with a 5% CO 2 atmosphere. The glioma stem cell lines GSC23 and GSC11 (which were generated from patients at the MD Anderson Cancer Center in Houston, Texas and kindly provided by Dr Frederick Lang) were cultured in serum-free DMEM/F12 (1:1) (1X) + GlutaMAX™-I supplemented with 1xB27, 20 ng/mL human fibroblast growth factor, 20 ng/mL epidermal growth factor, and 1% penicillin streptomycin, and incubated at 37°C with a 5% CO 2 atmosphere. All the cell lines were tested and authenticated at the Centro de Investigación Medica Aplicada (CIMA) Genomic Core Facility using short tandem repeat DNA profiling.
Small Interfering RNA
Three small interfering RNAs (siRNAs) targeting the junction sequence between exons 6 and 7 of the tumor isoform (siBAF45d/6A−) were designed using the I-designer tool.
Overexpression of BAF45d/6A+ in GSC23 and GSC11 Cells GSC23 and GSC11 cells were stable-transfected with a pcDNA3.1(+) plasmid TOPO TA system (Invitrogen/Life Technologies) containing the BAF45d/6A+ cDNA sequence amplified from normal brain total RNA by polymerase chain reaction (PCR) using 5ʹ-AGGCAGAGG AACAGGGAAGATG-3ʹ as the forward primer and 5ʹ-CTAAGG CTGTTTCTCTCCTCCACTT-3ʹ as the reverse primer. 
Cell Viability Assays
In Vivo Tumorigenicity Study
Ethical approval for animal studies was granted by the Animal Ethical Committee of the University of Navarra (CEEA) under protocol number CEEA/093-14. Athymic mice (Harlan Laboratories) were maintained at CIMA in specific pathogen-free conditions and fed standard laboratory chow. U87MG human glioma cells (5 × 10 5 ) were engrafted into the caudate nucleus using a guide-screw system as previously described. 16 
Immunohistochemical Analysis
Paraffin-embedded sections of mice brain were immunostained with specific antibodies for Ki67 (Chemicon International) using conventional procedures. For immunohistochemical staining, Vectastain ABC Kits (Vector Laboratories) were used according to the manufacturer's instructions.
RNA Immunoprecipitation
To assess the association of PTBP1 with BAF45d mRNA, RNA immunoprecipitation (RIP) of ribonucleoprotein complexes was performed as described previously. 17 A list of primers is found in the Supplementary materials.
Chromatin Immunoprecipitation
Chromatin immunoprecipitation (ChIP) was conducting using a ChIP Assay Kit (Upstate Biotechnology) according to the manufacturer's instructions. A list of antibodies and primers is provided in the Supplementary materials.
Statistical Analysis
Differences in RNA isoform expression and in the cell viability assay were analyzed by Student's t-tests. The survival rate was performed using the Kaplan-Meier method. For statistical comparisons across groups, the log-rank test was used. All statistical analyses were conducted in GraphPad.
Results
Aberrant Splicing in Glioblastoma Samples
We obtained 3 paired samples of RNA from tumor and normal-appearing tissue from each patient with high specificity 18 (Fig. 1A) . From the global splicing array, we obtained 51 events from 41 candidate genes with AS (Supplementary Table S1 ). We proceeded to validate 7 of these candidates based on their significance and structure: BAF45d, Ral GTPase-activating protein subunit alpha-1-like protein (RALGAPA), ITGA6, ARHGEF7, BBX, LRRFIP2, and NDE1 (Fig. 1B) . We confirmed the AS of BAF45d and RALGAPA both in Human Junction Array and in 7 patient samples (Fig. 1C) .
Characterization of the Aberrant Alternative Splicing of BAF45d in Glioblastoma
We focused on BAF45d due to its high degree of validation and its involvement in the SWI/SNF complex, which is known to play a key role in the development of the CNS and in the maintenance of neural precursors. 11 The tumor samples harbored a single BAF45d isoform with 11 exons, whereas the normal and normal-appearing tissue harbored an additional isoform that retains exon 6a (BAF45d/6A+) ( Fig. 1A and Supplementary Figure S1A , B). The loss of exon 6a in the tumor-predominant spliced isoform of BAF45d (BAF45d/6A−) leads to the formation of a zinc finger domain that enables DNA binding 19 (Fig. 2B ), whereas the retained exon 6a in the predominant isoform in the normal brain (BAF45d/6A+) prevents the formation of this structure (Fig. 2B ). RNA-sequencing data from the University of California-Santa Cruz Genome Browser confirms that the BAF45d/6A+ isoform is found in normal brain and heart tissue only (Supplementary Figure S2A) . Zhang and colleagues 20 reported that in the mouse brain, BAF45d/6A+ expression was preferentially restricted to neurons and oligodendrocytes and generally absent from astrocytes (Supplementary Figure S2B, C) .
Interestingly, we found no significant difference in the total expression of BAF45d in normal, normal-appearing, or tumor samples (Fig. 2C ). This finding was corroborated by a meta-analysis 21 that reported no difference in the expression of BAF45d between nontumor and astrocytoma grade II, anaplastic astrocytoma grade III, and oligodendroglioma grade II and anaplastic oligodendroglioma grade III tumors (Supplementary Figure S3A) . Of importance, the ratio of the expression of BAF45d/6A− to BAF45d/6A+ increased significantly in tumor samples compared with normal and normal-appearing samples (Fig. 2D ), a trend that has also been observed in a previously published study on the expression of exon 6a in normal, glioblastoma, and oligoastrocytoma samples (Supplementary Figure S3B) . 22 This result is further corroborated by RNAseq data from The Cancer Genome Atlas; exon 6a was nearly absent from glioblastomas (n = 166) and oligodendrogliomas (n = 116), indicating nearly null expression of the BAF45d/6A+ isoform (Fig. 2F) . Together, these data indicate that the BAF45d/6A− splicing isoform predominates over the BAF45d/6A+ isoform in tumor samples.
BAF45d/6A− Contributes to the Maintenance of an Undifferentiated Phenotype in Glioma Cell Lines
Analyses of the expression of BAF45d isoforms in a panel of glioblastoma cell lines revealed that BAF45d/6A+ was nearly absent (Supplementary Figure S4A) . Additionally, BAF45d/6A+ levels were low in normal human astrocytes, neural precursors, and astrocyte progenitors A2B5+ and A2B5− (Supplementary Figure S4B) . Next, we attempted to elucidate the role of BAF45d/6A− in the malignant phenotype of gliomas. From a functional point of view, the inhibition of BAF45d/6A− or total BAF45d in GSC23 and U87MG cell lines (Supplementary Figure  S5A) resulted in a significant reduction in their in vitro proliferation ( Fig. 3A and Supplementary Figure S5B) . Overexpression of BAF45d/6A+ alone or combined overexpression of BAF45d/6A+ and inhibition of BAF45d/6A− (Supplementary Figure S5A ) also resulted in a significant reduction in cell proliferation ( Fig. 3B and Supplementary Figure S5C) . Surprisingly, GSC23 and GSC11 glioma cell lines in which we previously modulated the expression of the different BAF45d isoforms did not exhibit an altered chemosensitivity to temozolomide (Supplementary Figure  S5D) . Importantly, the inhibition of BAF45d significantly decreased in vivo tumorigenicity in mice with orthotopic intracranial tumors: 5 out of 5 short hairpin (sh)Scramble mice displayed tumors, whereas only 1 out of 5 mice in which BAF45d was stably depleted displayed a tumor. These mice displayed a significant increase in overall survival (P = 0.006; median survival could not be assessed because they survived beyond the study period) compared with shScramble mice (median survival = 40 days) (Fig. 3C) . Mice bearing cells overexpressing BAF45d/6A+ also exhibited a significant increase in overall survival (median survival = 32 days; P = 0.0003) and long-term disease-free survival (Fig. 3D) . Moreover, analysis of BAF45d isoforms in longer-surviving mice confirmed the reexpression of BAF45d/6A+ (Supplementary Figure S5E, F) . Cells that simultaneously overexpressed BAF45d/6A+ and lacked BAF45d/6A− did not survive long enough in culture to perform in vivo experiments. The Ki67-proliferation index was significantly higher in the shScramble or pcDNA empty control mice tumors compared with tumors in which the shBAF45d gene was stably depleted or the BAF45d/6A+ isoform was overexpressed (pcDNA_6A+; Fig. 3E, F) .
Inhibition of the BAF45d/6A− isoform in GSC23 and GSC11 cells significantly reduced cell self-renewal capacity, resulting in changes in both the expression profile and cell morphology, such that cells had a more differentiated phenotype ( Fig. 3G and Supplementary Figure S5G , H), supporting the notion of a possible role of BAF45d/6A− in self-renewal. Overexpression of BAF45d/6A+ or its isoform together with the inhibition of BAF45d/6A− led to a significant reduction in the selfrenewal potential of these cells and reduced expression of differentiation markers such as sex determining region Y-box 2 and nestin (Fig. 3H, I and Supplementary Figure  S5H ). In addition, the expression of the stem cell marker CD133 was significantly decreased in GSC23 and GSC11 cells that overexpressed BAF45d/6A+ and/or inhibited BAF45d/6A (Supplementary Figure S5I) , suggesting a role for BAF45d/6A− in the maintenance of stem cell status. Forced differentiation of GSC23 using 10% fetal bovine serum also resulted in a switch toward the BAF45d/6A+ isoform (Fig. 3J) . SH-SY5Y neuroblastoma cells treated with staurosporin to trigger neuronal differentiation exhibited reduced levels of BAF45d/6A− compared with parental cells (Fig. 3K) . These findings suggest that BAF45d/6A− is the predominant transcript in early postnatal murine neural precursors but ceases to be expressed as cells are instructed to start differentiating into neurons (Supplementary Figure S5J) .
PTBP1 Mediates the Aberrant Splicing of BAF45d
To elucidate the mechanism underlying the splicing of BAF45d, we analyzed the BAF45d sequence, which revealed several binding sites for PTBP1 flanking exons 6, 6a, and 7 ( Fig. 4A and Supplementary Figure S6A) . Moreover, analyses of these binding sites for PTBP1 using the Tomtom algorithm 23 revealed that they were significantly conserved across species (Supplementary Figure S6B) . PTBP1 is a ribonucleoprotein that regulates splicing, is overexpressed in gliomas, and contributes to the malignant phenotype of this disease. 5, 6, 13, 24 Radioimmunoprecipitation assays demonstrated the binding of PTBP1 to BAF45d mRNA in different positions. Interestingly, the location interrogated with primers O3F/R, which had the most putative binding sites, was the most enriched in this protein (Fig. 4A) , suggesting
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BAF45d/6A- , and 5ʹ splice sites) that are initially recognized by the splicing machinery (spliceosome). SnRNP proteins that specifically recognize these regions are included. Depicted in red are the binding motifs for specific recognition by PTBP1. PTBP1 is represented in its monomeric form with 4 RNA recognition motif (RRM) domains. In the model, the binding of PTBP1 leads to the formation of an mRNA exon loop, and then exclusion of the exon from the spliced mRNA. In all panels, error bars represent the mean ± SD.
that PTBP1 may regulate BAF45d splicing. Inhibition of PTBP1 in glioma cells (U87MG and GSC23) led to a splicing switch from the BAF45d/6A− isoform to an increase in the BAF45d/6A+ isoform ( Fig. 4B and Supplementary Figure S6C ). This result further supports the hypothesis that PTBP1 binding to the BAF45d pre-mRNA regulates this splicing event. The reduction in BAF45d/6A− splicing after inhibition of the PTBP1 protein was accompanied by a significant reduction in the prevalence of the proliferation phenotype (Fig. 4C and Supplementary Figure S6D) . Expression of PTBP1 is high in glioblastomas 5, 6 due to the loss of miR-124, which promotes neuronal differentiation 14 ; therefore, we evaluated whether reexpression of miR-124 impacts BAF45d splicing. We expressed miR-124 in GSC23 and GSC11 (Supplementary Figure S6E) and observed that PTBP1 mRNA expression significantly decreased in both cell lines (Supplementary Figure S6F ; P < 0.001). Moreover, overexpression of miR-124 also resulted in the inclusion of exon 6A+, favoring the expression of the BAF45d/6A+ isoform (Supplementary Figure S6G) . Based on these data, we propose a hypothetical model in which PTBP1 binds to BAF45d pre-mRNA and mediates its splicing (Fig. 4D ).
BAF45d/6A− Transcriptionally Regulates PTBP1 and Controls Splicing Events
The inhibition of BAF45d/6A− resulted in a decrease in PTBP1 expression (Fig. 5A and Supplementary Figure S7A) . Moreover, whereas stable overexpression of BAF45d/6A+ did not result in PTBP1 inhibition, BAF45d/6A+ overexpression concomitant with BAF45d/6A− inhibition led to a significant decrease in PTBP1 mRNA and protein expression (Fig. 5B) . This finding implicates BAF45d/6A− in the regulation of this pivotal splicing gene and, therefore, in the regulation of the splicing of other genes regulated by PTBP1, some of which, such as epidermal growth factor receptor (EGFR) and PKM, are of stark relevance to the glioblastoma phenotype. 1, 5 To confirm that BAF45d plays a key role in the regulation of PTBP1, we studied the PTBP1 promoter and identified several binding sites for this protein (Supplementary Figure S7B) . ChIP analyses revealed the direct binding of BAF45d to the PTBP1 promoter at both binding sites analyzed in the GSC23 and U87MG cell lines ( Fig. 5C and Supplementary Figure S7C) . Interestingly, we could not detect the binding of BAF45d to the PTBP1 promoter in cells with concomitant stable overexpression of BAF45d/6A+ and depletion of BAF45d/6A− (Fig. 4D) , indicating direct regulation of PTBP1 by BAF45d and revealing a link between the product of splicing regulation and its own regulation. Finally, we confirmed that the inhibition of BAF45d/6A− resulted in the inversion of gene splicing, such as protein phosphatase 3 catalytic subunit gamma, EGFR, enhancer of zeste homolog 2, or paired immunoglobinlike type 2 receptor alpha (Fig. 5E ), all of which have been described previously as direct splicing targets for PTBP1. 24 These findings are summarized in Fig. 5F .
Together our results reveal BAF45d/6A− as a product of AS in glioblastoma and a central element in the regulation of this process through the positive control of the expression of PTBP1, which suggests a possible link between splicing regulation and chromatin remodeling.
Discussion
Two aspects of this study distinguish it from previous studies and provide validity to the results: first, the use of FGS to obtain samples and, second, the use of a global splicing array. FGS, the specificity of which has been demonstrated by previous studies of histological correlation with 5-ALA, 18 enables the extraction of paired samples of tumor and nontumor tissue. The heterogeneity of glioblastoma highlights the importance of using paired samples, as the dependability of the results is compromised if tumor samples are not compared with tumor-free samples from the same individual. 25 The other distinctive aspect of this study is that this is the first glioblastoma study based on a global splicing array as opposed to an exon array. 3, 4 AS is more highly conserved in the brain than in other tissues, suggesting a role in conserved functions. 26 Previous studies have reported fundamental roles for AS in neural development and in the establishment and function of neural networks. 27 For example, a previous study reported the importance of coordinated AS, including of BAF45d, in the control of key functions in the mouse CNS, although the significance of BAF45d was not investigated. 28 Our previous detailed study of the murine CNS, which produced both a transcriptome and a splicing database, reported that the BAF45d/6A+ isoform was predominantly expressed in neurons, 20 suggesting a lineage-specific exon.
The high frequency of AS of BAF45d and the role of BAF45d in maintaining an undifferentiated phenotype suggest that AS associated with gliomagenesis occurs at an early stage in glioma stem cells. These observations are consistent with an established model involving a specific neural precursor of the SWI/SNF complex, the neural progenitor npBAF, whose composition changes as cells are instructed toward a more differentiated phenotype, the nBAF postmitotic neuron. 11 BAF45d is not the only example of lineage-specific splicing in a protein that participates in the initiation or maintenance of a tumor phenotype. In fact, Ferrarese et al demonstrated that the lineage-specific splicing of ANXA7 diminished endosomal targeting of the EGFR protein, thereby enhancing its signaling during glioblastoma progression. 6 Moreover, these authors identified PTBP1 as the main regulator of ANXA7 exon-skipping and showed that PTBP1 can repress miR-124, which participates in the conversion of fibroblasts to neurons. 29 Of note, both miR-124 and miR-9 have been shown to repress the npBAF complex to facilitate the instruction for a cell to differentiate toward a neuron. 30 These results illustrate a complex network of interacting proteins that may provide critical checkpoints during CNS development.
PTBP1 is a key protein implicated in glioblastoma splicing regulation. 3, 5, [31] [32] [33] Our study found this RNA-binding protein to be the main mediator of AS of BAF45d. An in silico model based on a genome-wide mapping of PTB-RNA interactions predicted binding between PTBP1 and BAF45d, a prediction that is corroborated by the results of the current study. It also has been shown that PTBP1 represses miR-124, which is consistent with the hypothesis that the PTBP1-BAF45d axis is related to an undifferentiated phenotype. 14 elicits cellular reprogramming toward a neuronal lineage. 29 Furthermore, a decrease in PTBP1 levels has previously been shown to be associated with the switch from neuronal precursor proliferation to differentiation. This decrease in PTBP1 also is associated with global remodeling of the AS landscape. 34 In the context of glioblastoma, PTBP1 is overexpressed and amplified in glioblastoma cells 6 ; knockdown of PTBP1 expression is reported to reduce glioblastoma malignancy, inhibit angiogenesis, and drive cells to adopt a neuron-like phenotype. 6 The data therefore suggest that PTBP1 not only plays a pivotal role in the development of CNS but also contributes to gliomagenesis when deregulated in the neural precursor compartment. Perhaps the most striking and original finding of our study concerns the regulation of PTBP1 by BAF45d. There are few published reports on the mechanisms by which PTBP1 is regulated and, among those reports, the role of PTBP1 in splicing together with any demonstration of regulation is generally limited to the gene under study. 5, 14 We have demonstrated that PTBP1 is regulated by a product of its own splicing, BAF45d, in a feedback mechanism that has not been described previously. In addition, we have shown the effect of BAF45d on other genes with a key role in gliomagenesis and whose splicing is regulated by PTBP1, such as PKM2 and EGFR, suggesting that BAF45d controls several processes at the transcriptional and posttranscriptional levels and providing a possible link between chromatin remodeling and splicing.
In summary, our data indicate that BAF45d AS contributes to glioblastoma pathogenesis in 2 ways. First, the BAF45d/6A− splicing product contributes to the maintenance of cells in an undifferentiated state. Second, the BAF45d/6A− splicing product regulates the splicing of BAF45d; this is the first observation of such a feedback mechanism in glioblastoma splicing. In addition, our data suggest that AS is a mechanism that may be central to glioblastoma development, introducing new avenues of study for the treatment of this devastating tumor.
